This study set out to compare the three-dimensional (3D) trueness of crowns produced from three types of lithium disilicate blocks. The working model was digitized, and single crowns (maxillary left second molar) were designed using computer-aided design (CAD) software. To produce a crown design model (CDM), a crown design file was extracted from the CAD software. In addition, using the CDM file and a milling machine (N = 20), three types of lithium disilicate blocks (e.max CAD, HASS Rosetta, and VITA Suprinity) were processed. To produce a crown scan model (CSM), the inner surface of each fabricated crown was digitized using a touch-probe scanner. In addition, using 3D inspection software, the CDM was partitioned (into marginal, axis, angular, and occlusal regions), the CDM and CSM were overlapped, and a 3D analysis was conducted. A Kruskal-Wallis test (α = 0.05) was conducted with all-segmented teeth with the root mean square (RMS), and they were analyzed using the Mann-Whitney U-test and the Bonferroni correction method as a post hoc test. There was a significant difference in the trueness of the crowns according to the type of lithium disilicate block (p < 0.001). The overall RMS value was at a maximum for e.max (42.9 ± 4.4 µm), followed by HASS (30.1 ± 9.0 µm) and then VITA (27.3 ± 7.9 µm). However, there was no significant difference between HASS and VITA (p = 0.541). There were significant differences in all regions inside the crown (p < 0.001). There was a significantly high trueness in the angular region inside the crown (p < 0.001). A correction could thus be applied in the CAD process, considering the differences in the trueness by the type of lithium disilicate block. In addition, to attain a crown with an excellent fit, it is necessary to provide a larger setting space for the angular region during the CAD process.
Introduction
The introduction of dental computer-aided design and computer-aided manufacturing (CAD-CAM) technology has led to a decrease in practitioner errors as well as material failures [1, 2] . In addition, production efficiency is greatly superior with CAD-CAM, compared to other existing methods [3] . The CAD-CAM process produces prostheses through scanning, CAD, and then CAM processes.
The development of intraoral scanners and their combination with dental CAD-CAM systems has made it possible for all prosthesis production to be performed chairside [4, 5] . Since a chairside CAD-CAM process does not need a working model and involves a shorter prosthesis processing and postprocessing time, a prosthesis can be produced and provided to a patient more rapidly. In addition, since zirconia requires time for postprocessing sintering [6] , lithium disilicate is more commonly used for chairside production [7] . In addition, previous studies have shown that lithium disilicate crowns have a higher survival rate than feldspathic porcelain and alumina-oxide crowns do [8] .
To further improve chairside CAD-CAM systems (by enhancing their accuracy and production speed), the development of intraoral scanners, CAM equipment, and materials is ongoing [9] .
CAM processes are classified as either subtractive or additive manufacturing [10] , but milling (a subtractive process) is actually used as a CAM process. In fact, milling is the most commonly used manufacturing process. For CAM, a five-axis milling unit can produce prostheses more accurately than a four-axis machine can [11] [12] [13] . With a five-axis milling machine, it is possible to mill pointed angles more accurately, given that a wider range of milling with a greater number of axes relative to the four-axis can be used [11, 14] . With a five-axis milling machine, the contact point between the tool and the prosthesis to be milled can be controlled, thus realizing better control of the milling conditions. However, somewhat more time is required to complete machining when using a five-axis milling unit [11] . Accordingly, for chairside CAD-CAM, the use of a four-axis milling unit is preferred to keep the chairside time within a clinically acceptable range. Several studies have evaluated the impact of the use of a chairside four-axis milling unit on the inner surface of the prosthesis [11, 12] . To the best of our knowledge, however, there have been no studies that have evaluated trueness according to region.
Already, as a result of many preceding studies, chairside CAD-CAM production of prostheses is clinically practical [2, [15] [16] [17] [18] [19] [20] . Neves [15] compared the fit of prostheses produced by a chairside CAD-CAM process to those produced by a laboratory (CAD-CAM) process. The prosthesis produced by the chairside process had a superior fit. Dolev [16] compared the fit of prostheses produced by a chairside (CAD-CAM) process to those produced by a laboratory (hot-press) process using a lithium disilicate material. The crown produced by the chairside process had a clinically acceptable fit. In a three-year clinical evaluation, Lu [17] predicted the growth of chairside CAD-CAM as an alternative to prosthetic therapy, given a crown survival rate of 97.0%.
Three-dimensional (3D) evaluation is often applied to determine whether mass-produced products have been accurately produced by manufacturing processes [21] [22] [23] . This can save time compared to visual examinations, [21] and an accurate analysis can be conducted with the development of a scanner [9] . Visual examinations require more time because human errors can occur and given that the evaluation is done by hand. In addition, due to advances in scanning technology, very precise scanning (<10 µm) can be obtained, and accurate analysis is possible. Likewise, given the take-up of CAD-CAM techniques in dentistry, three-dimensional data have been evaluated in numerous studies [5, [24] [25] [26] [27] [28] . The distance from a certain reference point or a form has been measured [25, 29, 30] , and 3D analysis has been conducted by overlapping a CAD reference model onto a CAD test model [5, [24] [25] [26] 28] . This 3D analysis relies on an alignment process whereby the CRM is overlapped using software. In general, the overlap is investigated through best fit alignment [31, 32] .
It is important to determine whether the prosthesis fit is within a clinically allowable range. More important than this, however, is the trueness of the manufactured prosthesis. "Trueness" is the similarity between the prosthesis designed first in CAD (the CAD reference model) and the ultimately manufactured prosthesis (CAD test model) [28, [33] [34] [35] . A trueness evaluation is important because an inaccurate inner surface on the prosthesis is one of several factors (dental preparation, preparation's scan) that affect the marginal and internal fit. An inaccurate inner surface on the inner prosthesis requires the dentist to postprocess the crown with a dental handpiece. This operation can increase the risk of fatigue crack initiation, leading to a shorter crown service life. Furthermore, a prosthesis with an excellent degree of trueness can reduce chairside time [13, 36] . Many previous studies have evaluated the trueness of the prosthesis [13, [35] [36] [37] [38] . The benefit of evaluating the trueness according to the region is to assess which region exhibits poor trueness, which can be used as reference data for the marginal and internal fit of the prosthesis. However, there have been no studies that have evaluated the trueness of the inner surface of the crowns and how that varies with the type of lithium disilicate block.
In the present study, therefore, we began with a 3D comparison of the trueness of crowns produced using three types of lithium disilicate block. Then, we undertook a 3D comparison of the trueness according to the position of the crown. To this end, a null hypothesis was set as follows: There is no difference in the trueness of the crowns produced, regardless of the type of lithium disilicate block used, and there is no difference in the trueness according to the positions of the inner surfaces of the crowns.
Materials and Methods
The present study involved the design of crowns using CAD software (crown-designed model (CDM)), the production of crowns using milling machines, the digitization of the inner surface of the crowns using a touch-probe scanner to obtain a crown scanned model (CSM), and overlapping of the CDM and CSM using testing software for analysis. A 3D analysis was also conducted ( Figure 1 ). To determine the sample size, a pilot experiment was conducted five times. A power analysis (G*Power v3.1.9.4, Heinrich-Heine-Universität, Dusseldorf, Germany) revealed that an appropriate sample size would be 20 (actual power = 98.93%; power = 98.9%; α = 0.05).
A single crown was designed by dental CAD software (EZIS VR, Digital Dentistry Solution, Seoul, Korea). The default values recommended by the manufacturer were set for the inner and outer surfaces of the crown. In addition, the designed virtual crown was extracted as a stereolithography (STL) file (CDM) to enable its use as the base data for the trueness evaluation.
To produce the STL file for the designed crown, it was moved to a milling unit (EZIS HM; Digital Dentistry Solution, Seoul, Korea). The EZIS HM is a chairside four-axis milling unit. A crown milling path based on the STL file was set in the CAM software (EZIS VR; Digital Dentistry Solution, Seoul, Korea). According to the manufacturer, it offers a processing accuracy of ±10 µm and a maximum spindle speed of 63,000 rpm and can produce a crown at a rate of 15 min/unit. In addition, for the production of a more precise prosthesis, the manufacturer calibrated the milling unit. In addition, three types of lithium disilicate blocks (e.max CAD, HASS Rosetta, and VITA Suprinity) were used: The data for these three types of lithium disilicate blocks are listed in Table 1 . The lithium disilicate block was mounted in the milling unit and processed (Figure 2A) . A pilot test revealed that there was no difference in the trueness of five crowns processed using one burr instrument (Step Bur 12 and Cylinder Pointed Bur 12s, Dentsply Sirona, York, PA, USA) (P = 0.172). For the processing, the burr was replaced five times. Any residue was removed from the produced crown by washing it in distilled water for 5 min using an ultrasonic cleaner. After drying, it was mounted in a jig, and its inner surface was scanned using a touch-probe scanner (DS10, Renishaw plc, Gloucestershire, UK) without a crystallization firing cycle ( Figure 2B ). The touch-probe scanner uses a probe, which gently touches the surface and is capable of rising and falling through 200 µm. The inner surface of the crown milled using the 1.0 mm milling burr was precisely scanned using a probe with a diameter of 0.5 mm. The touch probe was used to scan from the inner end of the crown to the end of the crown margin. The coordinates of about 20,000 points on the inner surface of the crown were recorded by the touch probe. Since the use of this method did not incur any errors caused by the optical characteristics of the object, it was ideal for scanning the inner surface of a lithium disilicate crown. In addition, the trueness could be analyzed precisely because of the excellent repeatability/reproducibility that was possible with this instrument [39] . To ensure accuracy, the touch-probe scanner was calibrated prior to each scan. All of the scanning processes conducted as part of this study were conducted at an ambient temperature of 23 ± 2 • C in accordance with international organization of standardization (ISO)-12836. Since errors may occur depending on the operator [27, 40] , a single skilled operator (K.S.) performed all of the scans and analyses. In addition, the scanned virtual crown was extracted as an STL file to enable its use as test data in the trueness evaluation (CSM).
The 3D analysis program used in this study was Geomagic Company's 3D inspection software (Geomagic control X v2018.0.0, 3D Systems Inc, Rock Hill, SC, USA), as recommended by ISO-12836 [27] . Since errors may occur depending on the operator [27, 40] , a single skilled operator (K.S.) performed all of the analyses. A CDM file was retrieved with the 3D inspection software, which was set to perform a 3D comparison of the inner surface of the crown. The inner surface of the crown was divided into four parts (marginal, axis, angular, and occlusal regions). The trueness of the inner surface of the crown may affect the marginal and internal fit, and many previous studies have evaluated the marginal and internal fit according to the region [2, [13] [14] [15] [16] [17] [18] . Therefore, the inner surface of the crown was divided into four parts to evaluate the trueness. The region up to 0.5 mm from the prosthesis margin was defined as the marginal region, the region starting at the end of the marginal region through the axis to the point where the curve starts was the axis region, the region starting from the end of the axis region through the line angle to the point where the curve ends was the angular region, and the remaining region starting from the angular region was the occlusal region.
After preparing a CDM file, a CSM file was retrieved, and the initial alignment was conducted with the best fit alignment. The inner region of the partitioned crown was appointed, and it was overlapped with the best fit alignment only in the point cloud of the appointed part. The sampling ratio was set to 100%.
The dimensional difference between the CDM file and the CSM file was calculated for all data points of the partitioned inner region. The differences between all of the data points of the CDM and CSM were calculated from the closest data points to each other in all directions. At this time, the data points were calculated with the root mean square (RMS) value using the following formula:
For all data points, X 1,i was the position of measurement point i in the reference scan data, and X 2,i was the position of measurement point i in the evaluation scan data. In addition, n refers to the total number of data points measured in each analysis.
The RMS value indicates the degree of deviation of the scan data. A low RMS value indicates a good three-dimensional agreement of the overlapped data [27] .
The CAM process aims to reproduce a modeled design and produce an accurate product. The tool target position may not be reached or exceeded, however, due to various factors affecting the cutting rate (e.g., the hardness of the material, the performance of the milling unit). Therefore, the 3D comparison is shown as a color difference map, with a range of ±100 µm (20 color segments) and an allowable tolerance range (green) of ±10 µm assigned. The red zone (10~100 µm) shows that the CSM data are located above the CDM data, implying that the milling failed to reach the target position. In addition, the blue zone (−10 to −100 µm) shows that the CSM data are located below the CDM data, implying that the milling exceeded the target position. The green zone (±10 µm) corresponds to the areas that were machined very accurately.
All of the data were analyzed using SPSS statistical software (IBM SPSS Statistics v23.0, IBM Corp, USA). First, through an application of the Shapiro-Wilk test, the normal distribution of the data was investigated. Since they did not form a normal distribution, the presence of any difference between the groups was checked by performing a Kruskal-Wallis test (α = 0.05). In addition, as a post hoc test, the difference between the groups was analyzed using the Mann-Whitney U-test and the Bonferroni correction method.
Results
There was a significant difference in the trueness of the inner surface of the crown according to the type of lithium disilicate block (p < 0.001; Figure 3 ; Table 2 ). There was no significant difference between e.max (27.7 ± 2.9 µm) and HASS (28.0 ± 3.4 µm) in the marginal region (p = 1.0), while the trueness was at a minimum for VITA (20.7 ± 6.6 µm) (p < 0.001). In addition, the values for the axis, angular, and occlusal regions were the highest for e.max, and there was no significant difference between HASS and VITA (p > 0.05). The overall RMS value was at a maximum (42.9 ± 4.4 µm) for e.max, followed by HASS (30.1 ± 9.0 µm) and then VITA (27.3 ± 7.9 µm). However, there was no significant difference between HASS and VITA (p = 0.541). There was a significant difference between all of the regions for the inner surface of the crown (p < 0.001; Table 2 ). The angular region on the inner surface of the crown exhibited a significantly higher trueness (p < 0.005). There was no significant difference in the marginal, angular, or occlusal regions, except for in the e.max group (p > 0.05). Figures 4 and 5 show the color difference map of the 3D analysis. In the angular region, the red zone is predominant, meaning that the milling failed to reach the target position. In the marginal region, the green color is most common, indicating that the milling was performed accurately. In the axis and occlusal regions, several color zones appear to equal degrees. The green zone appears the least with e.max. Furthermore, in the angular and occlusal regions, the range of the red zone is greatest. 
Discussion
According to the findings of recent studies, the development of chairside CAD-CAM has enabled the creation of accurately fixed prostheses in a short time. However, the results of the present study revealed that the trueness of the produced crowns might vary depending on the type of lithium disilicate block used. In a clinic, a crown should be designed while considering the difference in trueness that arises as a result of the type of lithium disilicate block used. For example, when using CAD software to design a crown, a higher space value should be given to e.max than to HASS and VITA, or the inner surface should be further adjusted after production. If this compensation is not applied, it may take much time for the final fitting and adjustment of the prosthesis in the oral cavity.
Based on the results of the present study, we can conclude that the trueness may differ depending on the position of the inner surface of the crown. In particular, the red zones tended to dominate (10~100 µm) in the angular region. This implies that the milling failed to reach the target position. The reason for this has been identified in previous studies. Kim [28] noted that the number of mill burrs affects the accuracy, with the trueness being better when three burrs were used, relative to when two burrs were used. The use of three burrs produced a better trueness than when only two burrs were used because the use of three burrs led to a greater range of burr diameters. A smaller-diameter burr could be used to more precisely mill angular regions. Kirsch [13] found that the trueness was lower with a five-axis milling machine than with a four-axis machine. This is because the stiffness of a milling machine decreases as the number of axes increases. In regions with, for example, line angles, processing using a four-axis milling machine is difficult due to the entry angle and the size of the burr. In the present study, a four-axis milling machine of the type that is often used chairside was used. We judged that it would be possible to compare it to a five-axis milling unit if we were to refer to the results of previous studies.
Since different types of lithium disilicate blocks vary in terms of their cutting rates, we could assume that the trueness would differ depending on the type of lithium disilicate block used. Since our study controlled for various variables (replacement of the milling burr, the use of a milling machine with high accuracy (±10 µm), the use of a touch-probe scanning process in which the ceramic material did not scatter the light, and a sufficient sample size with an actual power of 98.93%), this assumption was reliable. If the hardness of the material themselves is low, the cutting rate is greater, and hardness varies depending on the product. The milling conditions (precision, spindle speed, number of axes) depend on the type of milling unit. Further studies should be conducted to analyze the differences between the biomaterials tested. According to Song [41] , the feed rate and depth of cut may differ depending on the type of block, with lithium disilicate ceramic being the most difficult of the ceramic materials to process. However, for this hypothesis to be reliable, we should undertake a subsequent study that measures the surface hardness of the lithium disilicate block and analyzes its correlation with the trueness.
The inner trueness of a lithium disilicate crown was evaluated without a crystallization firing cycle. The crystallization firing cycle causes some shrinkage [42] and can affect the trueness. The method described herein did not involve a crystallization firing cycle. This was done to exclude any variables that could occur in the firing cycle. However, further studies are needed to evaluate the trueness after the crystallization firing cycle to better approximate actual clinical practice.
Reference data are necessary to determine the trueness. The method whereby this reference data are obtained is very important. Previous studies have analyzed data, calculating the distance of the coordinates of the reference data obtained with a touch-probe scanner [43] . In addition, Park [27] measured the trueness, obtaining three-dimensional reference data with a precision industrial scanner. The touch-probe scanner was more accurate and more stable than an optical scanner and was more efficient at representing the abutment tooth margin than a laser scanner [44] . In addition, Dimitrova [39] measured repeatability/reproducibility, taking pictures of the abutment tooth with an optical scanner and measurements with a touch-probe scanner, with the results obtained with the touch-probe scanner exhibiting excellent repeatability/reproducibility (optical scanner: 8.2 µm; touch-probe scanner: 6.9 µm).
However, unlike in some previous studies [28, 45] , the trueness of the outer surface of the crown was not evaluated in the present study. We were unable to do so because the narrow deep regions and the regions with an undercut could not be scanned using a touch-probe scanner. In addition, the parts connected to the outer surface when the crown was separated from the block may have, for additional reasons, affected the trueness. However, further study should be undertaken to analyze the trueness of the outer surface of the crown.
Conclusions
Based on the findings of this in vitro study, the following conclusions were drawn:
1.
The trueness of the fabricated crown depended on the type of lithium disilicate block used; 2.
Therefore, to ensure an excellent marginal and internal fit, consideration should be given to the marginal and internal setting space in the CAD process by referring to the variation in the trueness of the fabricated crown with the type of lithium disilicate block; 3.
The inner surface of the crown exhibited a different degree of trueness depending on the milling;
4.
The angular regions of the crown exhibited the greatest degree of error, so compensation in the CAD process is necessary. 
